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Abstract
Aerodynamic noise has been a problem since the first use of the jet engine for military
aircraft in World War II. For further uses of the jet engine to be possible, problems due to
jet noise must be researched and addressed. Anechoic chambers were proposed as a testing
facility for research in aerodynamic noise because of their supposed free-field characteristics.
The international standard ISO 3745-1977 was introduced to determine whether the facilities
could be considered anechoic, semi-anechoic, or neither. An experiment was designed to
determine at what frequencies the National Center for Physical Acoustics’ Jet Lab Facility
is non-anechoic, semi-anechoic, or anechoic. To comply with the guidelines of ISO 3745-
1977, three sources were designed and tested at frequencies from 25 Hz to 16000 Hz. The
voltages were acquired at each frequency to calculate the sound pressure level and determine
if the calculated values are within the allowed tolerance of the inverse square law.
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Chapter 1
Introduction
1.1 Aerodynamic Noise History
Jet noise has been a problem since the first use of the jet engine in World War II. Methods
to limit jet noise had to be researched extensively, or the jet noise in itself would limit future
progress in the use of jet engines. With the use of the jet engine on civil planes, researchers
knew the causes of jet noise must be examined further and methods of reduction obtained.
Aerodynamicists looked to acousticians for help in analyzing jet noise. The joining of these
two research fields led to this subject being known as aerodynamic noise (Lilley, 1991).
In most early jet noise tests, it was impossible to avoid reflections from buildings, the
ground, or the jet structure itself. These tests were done with jets blowing horizontally at
100 jet diameters over the ground, prepared surfaces, or grass. This made it impossible to
obtain measurements from the jet axis to 180 degrees. The acoustic radiated power from a
jet could only be obtained from measurements between 15 degrees and about 135 degrees
only, because the noise intensity upstream is much less than radiated downstream. Then,
the jet was mounted closer to the ground causing the ground absorption and reflection to be
greater and required separate experiments. The above examples caused each jet measuring
site to have its own standards for correction (Lilley, 1991).
1.2 Anechoic Chamber Theory
Lilley (1991) suggested that most of these problems can be avoided by conducting the
experiments in an anechoic chamber. The chambers allow for so-called “clean” measurements
1
to be conducted beyond 100 jet diameters. These experiments on jet noise done in anechoic
chambers were the first to show “quantitatively the e↵ects of flow-acoustic interaction and
the loss of convective amplification in the downstream direction at angles close to the jet
axis” (Lilley, 1991). These results were published where Lush (1971) clarified that the
theory of aerodynamic noise involved significant interaction between the flow and the sound
generated by it in 1971.
Full Anechoic Chambers are designed to be echo-free rooms, which means that the room
should have a sound energy absorption of 99% to 100% or a reflected sound pressure level
of 10% or less. The frequency at which the energy absorption drops below 99% ore the
sound pressure level exceeds 10% is known as the low frequency cut-o↵. The walls, floor,
and ceiling must be lined with sound absorptive wedges to create the performance level
required and low frequency cut-o↵ desired. Working floors are installed in the form of a
wire mesh to support heavy test equipment over the floor wedges. This aspect makes the
anechoic chamber the perfect place to make accurate acoustical measurements (Luykx &
Vercammen, 2001). There is also a Hemi-Anechoic Chamber or Semi-Anechoic Chamber.
These semi-anechoic chambers have wedges on the walls and ceiling, but have a hard floor,
like a concrete, with no acoustical treatment. In reality, no anechoic chamber is a perfect
free-field. There will always be reflections in an anechoic chamber from the design of the
room and the equipment in the room for a specific purpose.
1.3 Application to Present Study
The practical use of anechoic chambers usually requires the presence of reflective surfaces.
To characterize the facility at the National Center for Physical Acoustics, the international
standard ISO 3745-1977 (E) is titled “Determination of sound power levels of noise sources
- Precision methods for anechoic and semi-anechoic rooms.” ISO 3745 describes a method
to properly assess the quality of the anechoic chamber. Annex A describes how to carry
out the procedure. It describes as to what the specifications for the di↵erent test sound
2
Type of Test Room One-Third Octave Band Centre Frequency Allowable Di↵erences
 630 Hz ± 1.5 dB
Anechoic 800 Hz to 5000 Hz ± 1.0 dB
  6300 Hz ± 1.5 dB
 630 Hz ± 2.5 dB
Semi-Anechoic 800 Hz to 5000 Hz ± 2.0 dB
  6300 Hz ± 3.0 dB
Table 1.1. Maximum Allowable Di↵erences Between the Measured and Theoretical Values
sources should be. It says that for less than 400 Hz, an electrodynamic loudspeaker that
is 25 centimeters in diameter in a 0.020 meters-cubed box should be used. For frequencies
between 400 and 2000 Hz, two electrodynamic speakers that are 10 centimeters in diameters
should be bolted together so that their mounting rings lie in the same plane to pulsate as
a “sphere” should be used. For frequencies 2000 Hz to 10000 Hz, a ba✏ed loudspeaker
with a narrow cylindrical tube attached to the end section of which only radiates the sound
should be used. A 13 millimeter microphone should be used to collect the data. For the
actual process, the sound-pressure decrease test should be used. The test says to place an
omnidirectional source in the center of the room. Then, the sound pressure must be measured
as the microphone is moved away from the source along a radial line. Measurements should
be taken for source frequencies over the entire range of interest, with one-third octave steps
for frequencies less than 125 Hz, octave step for frequencies between 125 Hz and 4000 Hz,
and one-third octave steps above 4000 Hz. The di↵erences in the values for an Anechoic
Chamber should not exceed ± 1.5 dB for less than 630 Hz, ± 1.0 dB between 800 Hz and
5000 Hz, and ± 1.5 dB for greater than 6300 Hz. The di↵erences in the values for a Semi-
anechoic Chamber should not exceed ± 2.5 dB for less than 630 Hz, ± 2.0 dB between 800
Hz and 5000 Hz, and ± 3.0 dB above 6300 Hz (ISO 3745, 1982), which can be seen in Table
1.1.
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Chapter 2
The Experiment: Design, Setup, and Execution
2.1 Source Design
ISO 3745 (1982) specifies that for less than 400 Hz, the source must be a 25 centimeter
diameter, which is roughly 9.82 inches. A Dayton Audio RSS265HO-4 10” Woofer was
chosen as the source for frequencies less than or equal to 500 Hz. The box for the low
frequency was built according to ISO 3745 (1982) out of 3/4 ” medium-density fibreboard
(MDF) to have an interior volume of 0.71 ft3. The box was stu↵ed with acoustic foam to
damp out resonance from the speaker structure and the box itself as can be seen in figure
2.1.
To comply with ISO 3745 (1982) for frequencies between 400 Hz and 2000 Hz, the
source had to be two 10-centimeter electrodynamic speakers, which is roughly 3.94 inches
for each speaker. The two speakers chosen were two Peerless 835023 4” Aluminum Cone
HDS woofers. The frequency response curve for each of the speakers was flat for frequencies
between 200 Hz and 2000 Hz. The two woofers were bolted together so that their mounting
rings lie in the same plane, as can be seen in Figure 2.1. The cones of the two woofers facing
each other and being electronically connected in-phase causes them to act as a pulsating
”sphere” causing the source to be omnidirectional.
To adhere to ISO 3745 (1982) a Eminence PSD: 2002S-8 8 Ohm 1” Titanium Driver was
chosen as the third source. The frequency response curve was flat from 1500 Hz up to 16000
Hz, which is why it was chosen as the high source. Figure 2.1 shows that the loudspeaker
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was then connected to a narrow cylindrical tube which radiates the sound from its end only
to create the omnidirectional source.
2.2 Equipment
A Bru¨el&Kjaer Type 4191-C-001 1/2 ” free-field microphone unit was used to comply
with the standard’s 13 millimeter microphone specification. A free-field microphone was
chosen because that type is most accurate in measuring sound pressure level (SPL) from a
single direction and source. A free-field microphone is designed to measure sound pressure
at the diaphragm, which is pointed directly at the diaphragm of the source and measures
the sound pressure as if the microphone is not there. Figure 2.2 shows the microphone being
fed through a Bru¨el&Kjaer Nexus Conditioning Amplifier that can set a gain voltage on
the signal from the microphone in V/Pa.
A Bru¨el&Kjaer Type 2706 Power Amplifier was used to amplify the sound as can
be seen in figure 2.3. The current limit on the amplifier was set to 1.8 Amps RMS, the
Attenuator set to 0, and the gain control to 100%. Figure 2.4 shows a Standard Research
Systems Model DS360 Ultra Low Distortion Generator which was used to set the frequency
and volts peak-to-peak for the sources. For continuity, to amplify the signal from the
generator the volts peak-to-peak was set so that there was a 1 Watt output to the source
for each frequency. A Fluke 87 III True RMS Multimeter was used to measure the voltage
at the output of the amplifier and a Sperry DSA-500 Digital Snap Around Voltmeter was
used to measure the amperes at the output of the amplifier. The two values were multiplied
to get wattage and the volts peak-to-peak was varied until the calculated value was 1 Watt.
The value for volts peak-to-peak was saved to a text file with the corresponding frequency
value. Figure 2.5 shows all of the equipment together and how it was used.
5
Figure 2.1. The Three Sources
6
Figure 2.2. Nexus Conditioning Amplifier
Figure 2.3. Power Amplifier
7
Figure 2.4. Standard Research Systems Distortion Generator
Figure 2.5. All of the Equipment Together
8
2.3 Experiment
The experiment was first conducted in the National Center for Physical Acoustics’ Ane-
choic Chamber for a comparison, as can been seen in Figure 2.6. The sources were placed
in the corner about two feet from each wall. The microphone was placed on an aluminum
track attached to the ceiling and was traversed away from the source in six inch increments
until fifteen points were taken. For these baseline measurements, the microphone was tra-
versed across the diagonal of the chamber at the height of the source, as can be seen in
figure 2.7. At each position, data was collected for each of the three sources in accordance
with ISO 3745. For the low range source, data was collected from 25 Hz to 500 Hz. For
the middle range source, data was collected from 1000 Hz to 2000 Hz. For the high range
source, data was collected from 4000 Hz to 16000 Hz. The number of samples taken for every
frequency at every location was 1048576. The sample rate by which the number of samples
were taken varied by the frequency. The source frequency is divided by ten and multiplied
by the block size of 4096 to insure that an adequate amount of data was acquired for the
averages needed to calculate the root-mean-square of the voltages. For 100 Hz, the sampling
frequency was calculated to be 40960, which is greater than two and a half times the highest
source frequency. This is to insure that for all frequencies, all Fourier components of the
periodic waveform can be recovered. A program was written using LabVIEW that calls
a text document to read in the values for frequency, volts peak-to-peak, and sample rate.
The program uses the text document to program the frequency and volts peak-to-peak into
the signal generator using a National Instruments GPIB-USB-HS as the connector. The
program acquires voltages from the microphone through the National Instruments NI 9233
Analog-to-Digital converter connected to the National instruments Hi-Speed USB Carrier
NI USB-9162. The program catalogs the data and saves it in a data file.
A Bru¨el&Kjaer Type 4226 Multifunction Acoustic Calibrator was set to 250 Hz and
94 dB to calibrate the microphone and find a calibrated root-mean-square of the voltage,
V0, to calculate the decibels during the tests, also known as the calibration constant. The
9
Figure 2.6. Sources in the NCPA Anechoic Chamber
10
Figure 2.7. Setup of the NCPA Anechoic Chamber
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SPL for a given position after the microphone was calibrated is given by the equation
SPL = 94dB + 20 log10(
Vrmsdata
V0
) (2.1)
where Vrmsdata is the calculated root-mean-square of the voltage values saved in the data
file by LabVIEW. A MATLAB file was written to calculate the SPL value at each position
using the above equation and the data saved from the LabVIEW program. The data file
from the LabVIEW program was read into MATLAB where the root-mean-square of the
voltage values was calculated by the equation
Vrmsdata =
r
1
n
kvdatak (2.2)
where vdata is raw data from the data file and n is the number of values in that file. The
SPL values were saved with their corresponding position, in inches, which were also in a
logarithmic scale. To comply with ISO 3745 (1982), the levels calculated must be compared
to the decay predicted from the inverse square law and the di↵erences must fall between
table 1.1’s of ”Maximum allowable di↵erences between the measured and theoretical levels”
(Koidan & Hruska, 1978). The deviation from the inverse square law is found by the equation
 Lpi = Lpi   Lp(ri) (2.3)
where Lpi is the calculated SPL and Lp(ri) is the theoretical free-field decay calculated for
the current study by the equation at distance ri
Lp(ri) = Lp(rref )  20 log10[
ri
rref
] (2.4)
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Figure 2.8. NCPA Jet Lab Facility from the Exhaust End
where Lp(rref ) is the SPL at a selected reference or a normalization distance rref (Cunefare
et al., 2003). This calculated deviation from the inverse square law,  Lpi, must fall between
the values seen in table 1.1 (ISO 3745, 1982).
The above method was applied to the experiment in the National Center for Physical
Acoustics’ Jet Lab Facility using the Vrms calculated with the B&K Type 4226 above. Be-
cause of the equipment in the facility, as can be seen in figures 2.8 and 2.9, the degree of
which the tunnel is anechoic needed to be tested. Unlike the calibration in the anechoic
chamber, more than one path needs to be tested to certify the degree to which the jet lab
is anechoic. Three paths were chosen: 45 degrees upstream from the nozzle, 90 degrees to
the nozzle, and 45 downstream from the nozzle. These paths were chosen on the far side of
the room from the door to provide more room for the microphone to travel away from the
center of the room along its path. As can be seen in the figure, the nozzle does not enter
the room equidistant from either side of the room, so the three paths on the far side of the
room make more sense. The sources were placed about a foot from the end of the nozzle and
13
Figure 2.9. NCPA Jet Lab Facility from the Nozzle End
Figure 2.10. Setup for the NCPA Jet Lab Facility
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the microphone traversed away from the source in six inch steps, as before, until data was
collected for fifteen points. This method was repeated for all frequencies at each position as
can been in figure 2.10.
15
Chapter 3
Results
3.1 NCPA Anechoic Chamber
The first tests of the sources were done in the National Center for Physical Acoustics’
Anechoic Chamber. The sources were positioned in the northeast corner a few feet from
each of the walls. The sources were level with the microphone traverse system, which can
be seen in figure 2.6. The frequency was emitted from the source and the values read by
the microphone were used to calculate the SPL reading at that certain position. These SPL
values were graphed versus the distance from the source at which the data was acquired.
The inverse square law line was calculated using a reference point. For simplicity, the first
distance from the source at which data was collected was used as the reference point. The
error bars on either side of the inverse square law line are the plus or minus values from
table 1.1 set by ISO 3745 (1982).
The first figures examined were for the Dayton Audio RSS265HO-4 10” Woofer source.
Looking at figure 3.1 for 25 Hz, there is a decline in SPL as the microphone moves away
from the source, but not within the error bars to be considered Anechoic. At around 90
inches, the SPL values start to increase outside both sets of error bars at the slope of the
inverse square law. The increase starts to occur because the wedges in the tunnel were not
designed to absorb the 25 Hz frequency signal. This increase in SPL as the microphone
move away from the source and close to the opposite walls can be accredited to reflections
being picked up from the wall behind the wedges.
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Figure 3.1. 25 Hz in the NCPA Anechoic Chamber
As can be seen in figure 3.2 for 31.5 Hz, the decay of the SPL values as the microphone
moves away from the source adheres to the slope of the inverse square law line. Figure 3.2
is below the Anechoic error bars for most of the positions. Appendix A shows the similar
behavior in figures A.1, A.2, A.3, and A.4 with the SPL values at frequency positions 80
Hz, 100 Hz, 250 Hz, and 500 Hz. Appendix A also shows similar behavior in figures A.11
and A.12 at 6300 Hz and 12500 Hz, which are for the Eminence PSD: 2002S-8 8 Ohm 1”
Titanium Driver attached to the narrow cylindrical tube.
Examining figure 3.3, the SPL values decay with respect to the inverse square law line.
Because all of the points are within the Anechoic error bars, the expected conclusion can
be made that the chamber is anechoic at 125 Hz. Appendix A shows the same behavior
for 1000 Hz and 2000 Hz in figures A.5 and A.6, which are for the two Peerless 835023 4”
Aluminum Cone woofers bolted together. Appendix A also shows like behavior for 5000 Hz,
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Figure 3.2. 31.5 Hz in the NCPA Anechoic Chamber
8000 Hz, 10000 Hz, 16000 Hz in figures A.7, A.8, A.9, and A.10, which are for the Eminence
PSD: 2002S-8 8 Ohm 1” Titanium Driver attached to the narrow cylindrical tube.
While looking at the figures 3.4, 3.5, and 3.6, a potential problem can be concluded at the
frequencies of 40 Hz, 50 Hz, and 63 Hz for the low frequency source. The first few positions
where the SPL values were calculated adhere to the inverse square law. After that, the SPL
values decay much greater than the inverse square law line and outside both error bar lines.
The trend suggests that none of the points adhere to a spherical spreading (inverse square
law) decay.
Figure 3.7 for 4000 Hz from the Eminence PSD: 2002S-8 8 Ohm 1” Titanium Driver
attached to the narrow cylindrical tube looks to decay with respect to the inverse square
law line until the microphone is roughly 60 inches from the source. The SPL values then
seem to increase outside both sets of error bars. From analyzing the other figures for the
same source, we know the source operates like it was designed to do, but the discrepancies for
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Figure 3.3. 125 Hz in the NCPA Anechoic Chamber
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Figure 3.4. 40 Hz in the NCPA Anechoic Chamber
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Figure 3.5. 50 Hz in the NCPA Anechoic Chamber
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Figure 3.6. 63 Hz in the NCPA Anechoic Chamber
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Figure 3.7. 4000 Hz in the NCPA Anechoic Chamber
this frequency at these positions were not expected. This error is most likely from properties
within the chamber.
To understand the figures for the low range source, the minimum distance denoting the
beginning of the far field for each frequency showed that the initial positions for frequencies
25 Hz through 500 Hz were all in the far field for the low frequency source. The ka values
for the directivity of the low frequency source were calculated. The highest ka value of
1.1 for the low frequency source would suggest that the directivity did not cause problems
for the calculations. The behavior then could be accredited to reflections from behind the
wedges. The di↵erence in behavior of the figures came from constructive and destructive
interactions. These initial tests with the sources were used as a calibration when analyzing
the figures from the National Center for Physical Acoustics’ Jet Lab Facility.
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3.2 Jet Lab Facility
The next tests were done in the National Center for Physical Acoustics’ Jet Lab Facility.
The sources were positioned in the center of the room in front of the nozzle. The sources were
level with the microphone traverse system, which can be seen in figure 2.8. The frequency
was emitted and the values read by the microphone were used to calculate the SPL reading
at the position. These SPL values were graphed versus the distance from the source at which
the data was acquired. The inverse square law line was calculated using a reference point.
For simplicity with the programming, the first distance from the source at which data was
collected was used as the reference point. Cunefare et al. (2003) argues that 36 inches is
the standard reference point, although it was not used for the mid and high range sources.
The error bars on either side of the inverse square law line are the plus or minus values
from table 1.1 set by ISO 3745 (1982). This process was repeated for the three angles at 45
degrees upstream from the nozzle, 90 degrees to the nozzle, and 45 degrees downstream to
the nozzle.
Compared to figure 3.1 at 25 Hz, the SPL values in figures 3.8, 3.9, and 3.10 at 45
degrees upstream from the nozzle, 45 degrees downstream from the nozzle, and 90 degrees
to nozzle respectfully were inspected. It can be seen from the figure that the calculated SPL
values decrease with a slope that is less than that of the inverse square law line. This can
be accredited to the walls behind the wedges, most likely. These results characterize the
jet lab as Non-Anechoic at 25 Hz which is expected for most anechoic facilities of this size.
The same behavior seen in figures A.13, A.14, A.15, A.16, A.17, and A.18 also causes the
conclusion that the jet lab is Non-Anechoic at 31.5 Hz and 63 Hz as well in Appendix A.
Compared to figure 3.4 for the 40 Hz measurement in the anechoic chamber, figures 3.11,
3.12, and 3.13 show similarities. The interesting observations for the figures from the jet
lab facility is the increase in the SPL values when the increase is around 90 inches from the
source. This observation would lead to the conclusion that the room is Non-Anechoic at 40
Hz.
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Figure 3.8. 25 Hz in the NCPA Jet Lab at 45 Degrees Upstream to the Nozzle
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Figure 3.9. 25 Hz in the NCPA Jet Lab at 45 Degrees Downstream to the Nozzle
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Figure 3.10. 25 Hz in the NCPA Jet Lab at 90 Degrees to the Nozzle
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Figure 3.11. 40 Hz in the NCPA Jet Lab at 45 Degrees Upstream to the Nozzle
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Figure 3.12. 40 Hz in the NCPA Jet Lab at 90 Degrees to the Nozzle
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Figure 3.13. 40 Hz in the NCPA Jet Lab at 45 Degrees Downstream to the Nozzle
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Figure 3.14. 50 Hz in the NCPA Jet Lab at 45 Degrees Upstream to the Nozzle
Compared to figure 3.5 for 50 Hz, the figures 3.14, 3.15, and 3.16 from the jet lab facility
show similarities. At 45 degrees upstream from the nozzle, figure 3.14 for 50 Hz even shows
an increase with respect to the inverse square law line and then a rapid drop-o↵. Figure
3.15 for 90 degrees to the nozzle at 50 Hz shows the decrease that was seen in the anechoic
chamber, but it was closer to the slope of the inverse square law than the figure in the
anechoic chamber. Figure 3.16 for 45 degrees downstream of the nozzle at 50 Hz show the
points staying within the error bars for the inverse square law line.
Figures 3.17, 3.18, and 3.19 show a great decrease in the SPL values with respect to
the distance the microphone is from the source that is not seen in figure A.1. The only
explanation is that this type of discrepancy comes from the physical properties of the jet
lab.
By analyzing figures 3.20, 3.21, and 3.22, the conclusion can be drawn that the jet lab
facility is Anechoic at 100 Hz. For these figures the SPL values exceed the Anechoic error
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Figure 3.15. 50 Hz in the NCPA Jet Lab at 90 Degrees to the Nozzle
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Figure 3.16. 50 Hz in the NCPA Jet Lab at 45 Degrees Downstream to the Nozzle
27
10 20 30 40 50 60 70 80 90 100110120
60
65
70
75
80
85
90
95
100
Plot of Sound Pressure Level Decay Over Distance at 80 Hz
Position (in)
SP
L 
(dB
)
 
 
SPL
Inverse Square Law
+1.5 dB
−1.5 dB
+2.5 dB
−2.5dB
Figure 3.17. 80 Hz in the NCPA Jet Lab at 45 Degrees Upstream to the Nozzle
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Figure 3.18. 80 Hz in the NCPA Jet Lab at 90 Degrees to the Nozzle
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Figure 3.19. 80 Hz in the NCPA Jet Lab at 45 Degrees Downstream to the Nozzle
bars, but that could be corrected if 36 inches had been used as the reference point for the
calculation of the inverse square law line and the error lines. As seen in Appendix A, A.22,
A.23, A.24, A.25, A.26, and A.27 decay with the same slope as the inverse square law line
as well. A new reference point for the inverse square law line would draw the conclusion
that the jet lab facility is Anechoic for 500 Hz and 2000 Hz as well.
By comparing figure 3.3 from the anechoic chamber to figures 3.23, 3.24, and 3.25 in
the jet lab facility, the conclusion can be drawn that is is Semi-Anechoic at 125 Hz. On
average the SPL values decrease with the same slope as the inverse square law line, but the
discrepancies are greater than allowed to be considered Anechoic. The SPL values seem to
oscillate around the inverse square law, but do not decay at the same rate all of the time.
This same behavior seen in Appendix A with the figures A.19, A.20, and A.21 cause the jet
lab facility to be characterized as Semi-Anechoic at 250 Hz as well.
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Figure 3.20. 100 Hz in the NCPA Jet Lab at 45 Degrees Upstream to the Nozzle
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Figure 3.21. 100 Hz in the NCPA Jet Lab at 90 Degrees to the Nozzle
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Figure 3.22. 100 Hz in the NCPA Jet Lab at 45 Degrees Downstream to the Nozzle
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Figure 3.23. 125 Hz in the NCPA Jet Lab at 45 Degrees Upstream to the Nozzle
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Figure 3.24. 125 Hz in the NCPA Jet Lab at 90 Degrees to the Nozzle
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Figure 3.25. 125 Hz in the NCPA Jet Lab at 45 Degrees Downstream to the Nozzle
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Figure 3.26. 1000 Hz in the NCPA Jet Lab at 45 Degrees Upstream to the Nozzle
By analyzing figures 3.26, 3.27 and 3.28 at 1000 Hz, the verdict that the jet lab facility
is Semi-Anechoic at 1000 Hz can be drawn. Reflections from the equipment in the room can
be seen clearly in figure 3.28 to make the most di↵erence at 45 degrees downstream to the
nozzle. The SPL values decrease at a slope less than that of the inverse square law line and
fall outside the error bars.
These next figures were for the 1-inch titanium driver with a narrow cylindrical tube
attached to the end of the driver. All of the positions at 4000 Hz seem to decrease at a
smaller rate than the inverse square law, which can be attributed to reflections from the
equipment.
When analyzing figures 3.32, 3.33, and 3.34, the slope of the SPL values decays with
much similarity to the inverse square law but went outside the error lines for the inverse
square law calculation. The choice of a di↵erent reference point closer to 36 inches would
characterize the jet lab facility as Anechoic at 5000 Hz. Similar activity can be seen in
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Figure 3.27. 1000 Hz in the NCPA Jet Lab at 90 Degrees to the Nozzle
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Figure 3.28. 1000 Hz in the NCPA Jet Lab at 45 Degrees Downstream to the Nozzle
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Figure 3.29. 4000 Hz in the NCPA Jet Lab at 45 Degrees Upstream to the Nozzle
10 20 30 40 50 60 70 80 90 100110120
60
65
70
75
80
85
90
95
100
Plot of Sound Pressure Level Decay Over Distance at 4000 Hz
Position (in)
SP
L 
(dB
)
 
 
SPL
Inverse Square Law
+1.0 dB
−1.0 dB
+2.0 dB
−2.0 dB
Figure 3.30. 4000 Hz in the NCPA Jet Lab at 90 Degrees to the Nozzle
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Figure 3.31. 4000 Hz in the NCPA Jet Lab at 45 Degrees Downstream to the Nozzle
figures A.28, A.29, and A.30 in Appendix A for 6300 Hz, which also characterizes the jet
lab facility as Anechoic at 6300 Hz as well. Figures A.34, A.35, and A.36 in Appendix A
also show comparable occurrences, which led to the jet lab facility being characterized as
Anechoic at 16000 Hz also.
The jet lab facility can be characterized as Anechoic at 8000 Hz and 10000 Hz because
of figures 3.35, 3.36, 3.37, A.31, A.32, and A.33. The decay of the SPL values fall within
error lines at the positions tested for both frequencies.
Figures 3.38, 3.39, and 3.40 decay with respect to the inverse square law until the mi-
crophone position is about 60 inches from the source. At this point, the slope of the decay
becomes less than the inverse square law causing jet lab facility to be characterized as Semi-
Anechoic at 12500 Hz. This decrease in the slope of SPL value decay is attributed to the
microphone being far enough away from the source for reflections from the equipment to
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Figure 3.32. 5000 Hz in the NCPA Jet Lab at 45 Degrees Upstream to the Nozzle
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Figure 3.33. 5000 Hz in the NCPA Jet Lab at 90 Degrees to the Nozzle
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Figure 3.34. 5000 Hz in the NCPA Jet Lab at 45 Degrees Downstream to the Nozzle
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Figure 3.35. 8000 Hz in the NCPA Jet Lab at 45 Degrees Upstream to the Nozzle
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Figure 3.36. 8000 Hz in the NCPA Jet Lab at 90 Degrees to the Nozzle
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Figure 3.37. 8000 Hz in the NCPA Jet Lab at 45 Degrees Downstream to the Nozzle
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Figure 3.38. 12500 Hz in the NCPA Jet Lab at 45 Degrees Upstream to the Nozzle
interact with the source noise causing the increase in the SPL, which is most apparent in
figure 3.38.
3.3 Uncertainty Analysis
The uncertainty for the sound pressure level values is additive for the equipment used.
The Standard Research Systems Model DS360 Ultra Low Distortion Generator has an un-
certainty of ± 0.1 dB. The Bru¨el & Kjaer Type 4191-C-001 1/2 inch free-field microphone
has an uncertainty of ± 1 dB. The Bru¨el & Kjaer Nexus Conditioning Amplifier has an
uncertainty of ± 0.1 dB. The Bru¨el & Kjaer Type 2706 Power Amplifier has an uncertainty
of ± 0.5 dB. The Bru¨el & Kjaer Type 4226 Multifunction Acoustic Calibrator has an un-
certainty of ± 0.2 dB. The calculation for the overall uncertainty for each sound pressure
level measurement is ± 0.1 dB. Other uncertainty is from human error or other unknown
equipment error.
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Figure 3.39. 12500 Hz in the NCPA Jet Lab at 90 Degrees to the Nozzle
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Figure 3.40. 12500 Hz in the NCPA Jet Lab at 45 Degrees Downstream to the Nozzle
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Chapter 4
Conclusion
Jet noise has created problems for aerodynamicists to research as far back as World
War II. It was proposed that anechoic chambers would help determine the actual e↵ects
of the jet noise problems because of their supposed ”free-field” characteristics. This led to
needing a away to characterize to what degree the chambers are anechoic. This is where the
international standard ISO 3745-1977. ISO 3745 gives clear design on how to collect and
analyze the data and to determine if a chamber is anechoic, semi-anechoic, or neither.
The ISO 3745 set out a proper way to design the three sources. By these standards, a
10” woofer was used for frequencies between 25 Hz and 500 Hz. Two 4” speakers bolted
together was used for frequencies between 1000 Hz and 2000 Hz. Last, a 1” titanium driver
with a narrow cylindrical tube attached to the end was used for frequencies 4000 Hz to 16000
Hz. A 1/2 ” free-field microphone traversed away in equal six inch increments from the above
sources recording voltages at each of the positions. The sound pressure level was calculated
at each position and was applied to the inverse square law. According to the international
standard ISO 3745-1977, the values at each position must be within a certain decibel value.
All of this is dependent on a calculated inverse square law line that has a certain reference.
The point could decrease with the same slope as the inverse square law, but be outside the
error lines. A di↵erent reference point for the inverse square law line could cause the points
to be within the error bars.
The tests done in the National Center for Physical Acoustics’ Anechoic Chamber were
used as calibrations at each frequency for testing. The same test was then done in the
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Non-Anechoic Semi-Anechoic Anechoic
25 Hz, 31.5 Hz, 125 Hz, 250 Hz, 100 Hz, 500 Hz, 2000 Hz,
40 Hz, 50 Hz, 1000 Hz, and 12,500 Hz 5000 Hz, 6300 Hz, 8000 Hz,
63 Hz, and 80 Hz 10,000 Hz, and 16,000 Hz
Table 4.1. Jet Lab Facility Characterizations
National Center for Physical Acoustics’ Jet Lab Facility, except at three di↵erent positions.
The results of the Jet Lab Facility test can be seen in Table 4.1. Problems occurred at the
frequencies of 40 Hz, 80 Hz, and 4000 Hz. Based on the other characterizations above, it
could be assumed that the facility is Non-Anechoic at 40 Hz. The figures for 80 Hz show
problems. In the figure for the characterization of the low source at 80 Hz in the anechoic
chamber, the sound pressure level decreases with respect to the inverse square law, but in
the jet lab it does not. It could be attributed to the open spaces behind the nozzle and
exhaust vent, but the points stay outside the error bars so it is Non-Anechoic. For 4000 Hz,
the points fall slower than the inverse square law so the simple statement would be it would
Non-Anechoic. Compared to the characterization in the anechoic chamber, the figures are
show the behavior. This could be attributed to similar equipment in the Anechoic Chamber
and Jet Lab Facility which cause reflections at this frequency. The overall uncertainty for
the experiment was ± 0.1 dB.
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Appendix A
Additional Supporting Data
This appendix shows superfluous figures that have been analyzed and determined to have
like characteristics to another figure in the results.
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Figure A.1. A Figure for 80 Hz in the NCPA Anechoic Chamber
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Figure A.2. A Figure for 100 Hz in the NCPA Anechoic Chamber
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Figure A.3. A Figure for 250 Hz in the NCPA Anechoic Chamber
10 20 30 40 50 60 70 80 90 100110120
60
65
70
75
80
85
90
95
100
Plot of Sound Pressure Level Decay Over Distance at 500 Hz
Position (in)
SP
L 
(dB
)
 
 
SPL
Inverse Square Law
+1.5 dB
−1.5 dB
+2.5 dB
−2.5dB
Figure A.4. A Figure for 500 Hz in the NCPA Anechoic Chamber
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Figure A.5. A Figure for 1000 Hz in the NCPA Anechoic Chamber
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Figure A.6. A Figure for 2000 Hz in the NCPA Anechoic Chamber
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Figure A.7. A Figure for 5000 Hz in the NCPA Anechoic Chamber
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Figure A.8. A Figure for 8000 Hz in the NCPA Anechoic Chamber
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Figure A.9. A Figure for 10000 Hz in the NCPA Anechoic Chamber
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Figure A.10. A Figure for 16000 Hz in the NCPA Anechoic Chamber
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Figure A.11. A Figure for 6300 Hz in the NCPA Anechoic Chamber
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Figure A.12. A Figure for 12500 Hz in the NCPA Anechoic Chamber
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Figure A.13. A Figure for 31.5 Hz in the NCPA Jet Lab at 45 Degrees Upstream to the
Nozzle
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Figure A.14. A Figure for 31.5 Hz in the NCPA Jet Lab at 90 Degrees to the Nozzle
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Figure A.15. A Figure for 31.5 Hz in the NCPA Jet Lab at 45 Degrees Downstream to the
Nozzle
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Figure A.16. A Figure for 63 Hz in the NCPA Jet Lab at 45 Degrees Upstream to the Nozzle
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Figure A.17. A Figure for 63 Hz in the NCPA Jet Lab at 90 Degrees to the Nozzle
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Figure A.18. A Figure for 63 Hz in the NCPA Jet Lab at 45 Degrees Downstream to the
Nozzle
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Figure A.19. A Figure for 250 Hz in the NCPA Jet Lab at 45 Degrees Upstream to the Nozzle
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Figure A.20. A Figure for 250 Hz in the NCPA Jet Lab at 90 Degrees to the Nozzle
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Figure A.21. A Figure for 250 Hz in the NCPA Jet Lab at 45 Degrees Downstream to the
Nozzle
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Figure A.22. A Figure for 500 Hz in the NCPA Jet Lab at 45 Degrees Upstream to the Nozzle
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Figure A.23. A Figure for 500 Hz in the NCPA Jet Lab at 90 Degrees to the Nozzle
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Figure A.24. A Figure for 500 Hz in the NCPA Jet Lab at 45 Degrees Downstream to the
Nozzle
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Figure A.25. A Figure for 2000 Hz in the NCPA Jet Lab at 45 Degrees Upstream to the
Nozzle
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Figure A.26. A Figure for 2000 Hz in the NCPA Jet Lab at 90 Degrees to the Nozzle
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Figure A.27. A Figure for 2000 Hz in the NCPA Jet Lab at 45 Degrees Downstream to the
Nozzle
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Figure A.28. A Figure for 6300 Hz in the NCPA Jet Lab at 45 Degrees Upstream to the
Nozzle
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Figure A.29. A Figure for 6300 Hz in the NCPA Jet Lab at 90 Degrees to the Nozzle
61
10 20 30 40 50 60 70 80 90 100110120
60
65
70
75
80
85
90
95
100
Plot of Sound Pressure Level Decay Over Distance at 6300 Hz
Position (in)
SP
L 
(dB
)
 
 
SPL
Inverse Square Law
+1.5 dB
−1.5 dB
+3.0 dB
−3.0 dB
Figure A.30. A Figure for 6300 Hz in the NCPA Jet Lab at 45 Degrees Downstream to the
Nozzle
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Figure A.31. A Figure for 10000 Hz in the NCPA Jet Lab at 45 Degrees Upstream to the
Nozzle
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Figure A.32. A Figure for 10000 Hz in the NCPA Jet Lab at 90 Degrees to the Nozzle
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Figure A.33. A Figure for 10000 Hz in the NCPA Jet Lab at 45 Degrees Downstream to the
Nozzle
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Figure A.34. A Figure for 16000 Hz in the NCPA Jet Lab at 45 Degrees Upstream to the
Nozzle
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Figure A.35. A Figure for 16000 Hz in the NCPA Jet Lab at 90 Degrees to the Nozzle
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Figure A.36. A Figure for 16000 Hz in the NCPA Jet Lab at 45 Degrees Downstream to the
Nozzle
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